New generation methods for spur, helical, and spiral-bevel gears by Tsay, C.-B. P. et al.
I 
NASA 
Technical Memorandum 88862 
USAAYSCOM 
Technical Report q6-C-27 
New Generation Methods for Spur, 
Helical, and Spiral-Bevel Gears 
F.L. Litvin and W.-J. Tsung 
University of Illinois at Chicago 
Chicago, Illinois 
J.J. Coy and R.F. Handschuh 
Propulsion Directorate 
US. Army Aviation Research and TecW-  Actlvity-AWCOM 
Lewis Research Center 
Cleveland, Ohio 
/". -. 
and 
C.-B.P. Tsay 
National Chiao Tung University 
Taiwan, Republic of China 
Prepared for the 
Rotary Wing Propulsion System Specialist Meeting 
sponsored by the American Helicopter Society 
Williamsburg, Virginia, November 12- 14, 1986 
c 
https://ntrs.nasa.gov/search.jsp?R=19870006033 2020-03-20T12:08:55+00:00Z
NEW GENERATION METHODS FOR SPUR, HELICAL, 
AND SPIRAL-BEVEL GEARS 
F.L. L i t v i n  and W.-J. Tsung 
U n i v e r s i t y  o f  I l l i n o i s  a t  Chicago 
Chicago, I 1  1 i n o i  s 
J.J. Coy and R.F.  Handschuh 
Propuls ion D i r e c t o r a t e  
Lewis Research Center 
Cleveland, Ohio 
U.S. Army A v i a t i o n  Research and Technology A c t i v i t y  - AVSCOM 
and 
C.-B.P. Tsay 
N a t i o n a l  Chiao Tung U n i v e r s i t y  
Taiwan, Republ ic o f  China 
SUMMARY 
New methods f o r  genera t ing  spur, h e l i c a l ,  and s p i r a l - b e v e l  gears a r e  
proposed. These methods prov ide  the gears w i t h  conjugate t o o t h  surfaces, 
l o c a l i z e d  bear ing  contac t ,  and reduced s e n s i t i v i t y  t o  gear misal ignment.  
Computer programs have been developed f o r  s i m u l a t i n g  gear meshing and bear ing  
c o n t a c t .  
I N l R O D U C T  I O N  
Research was d i r e c t e d  a t  f i n d i n g  new methods f o r  genera t ing  spur, h e l i c a l ,  and 
s p i r a l - b e v e l  gears t h a t  would provide conjugate gear t o o t h  sur faces and l o c a l -  
i z e d  b e a r i n g  c o n t a c t  and would reduce k inemat ic  e r r o r s  (gear  no ise)  caused by 
gear misal ignment.  Tooth contac t  ana lys is  ( T C A )  computer programs have been 
developed f o r  these gears. These programs make i t  p o s s i b l e  t o  s imu la te  gear 
meshing and bear ing  contac t  and t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  gear m i s a l i g n -  
ment on k inemat ic  e r r o r s .  The proposed genera t ion  methods can be a p p l i e d  t o  
t h e  s p i r a l - b e v e l  gears by us'tng current  machinery and t o o l s ,  b u t  new t o o l  
shapes a r e  needed f o r  t h e  spur and h e l i c a l  gears. 
SPUR GEARS W I l H  CROWNED P I N I O N  TOOTH SURFACES1 
As i s  w e l l  known, spur gears are very s e n s i t i v e  tc!  axes misal ignment,  and 
t h e  p i n i o n  gear t o o t h  sur face  must be crowned t o  compensate f o r  t h i s  disadvan- 
tage. F igure  l ( a )  shows a r e g u l a r  i n v o l u t e  sur face  f o r  a spur p i n i o n ,  and 
-- 
l l h e  research has been performed w i t h  t h e  p a r t i c i p a t i o n  o f  J. Zhang, 
Department o f  Mechanical Engineering, U n i v e r s i t y  o f  I l l i n o i s  a t  Chicago, 
Chicago, I L .  
f i g u r e  l ( b )  shows a crowned p i n i o n  surface. 
topology o f  t he  p in ion  t o o t h  sur face .  
i n v o l u t e  sur face  t h a t  w i l l  p rov ide  a low l e v e l  of  k inemat ic  e r r o r s  ( i . e . ,  a 
low l e v e l  o f  no ise and good bear ing  con tac t ) .  
The problem i s  develop ing the  
I t  i s  t h e  d e v i a t i o n  f r o m  a r e g u l a r  
The Maag Co. has proposed a method f o r  g r i n d i n g  dev ia ted  p i n i o n  t o o t h  
sur faces t h a t  i s  based on a p o i n t  con tac t  between t h e  g r i n d i n g  wheel and the  
p i n i o n  t o o t h  surface being manufactured. However, t h e i r  method does n o t  so lve  
t h e  main problem, f i n d i n g  the  op t ima l  topology of  t h e  p i n i o n  t o o t h  sur face  t h a t  
w i l l  p rov ide  a low l e v e l  o f  k inemat ic  e r r o r s .  
We propose a method f o r  genera t ing  crowned p i n i o n  sur faces t h a t  can 
p rov ide  t h i s  opt imal topology.  
c u t t i n g .  
surfaces. One surface, a p lane ( t h e  sur face  o f  a r e g u l a r  i n v o l u t e  rack  
c u t t e r ) ,  generates the gear t o o t h  sur face  ( f i g .  2 ) .  The o ther  sur face,  a 
cone, generates t h e  p i n i o n  t o o t h  sur face.  
a long a s t r a i g h t  l i n e  - the  g e n e r a t r i x  o f  t he  cone. 
per fo rm a t r a n s l a t i o n a l  mot ion l i k e  two rack c u t t e r s  w h i l e  t h e  p i n i o n  and gear 
be ing  generated r o t a t e  about t h e i r  axes. F igu re  3 shows the  genera t ion  o f  t h e  
p i n i o n  t o o t h  surface by a g r i n d i n g  wheel. A s i m i l a r  t o o l ,  a "shaver" w i t h  
s l o t s ,  can be used f o r  c u t t i n g  and lapp ing .  
Th is  method can be used f o r  e i t h e r  g r i n d i n g  o r  
The basic p r i n c i p l e  i s  based on two r i g i d l y  connected genera t ing  
Both genera t ing  sur faces a r e  tangent 
The genera t ing  sur faces 
F igure  4 shows how the  p i n i o n  t o o t h  sur face  dev ia tes  f rom a r e g u l a r  
i n v o l u t e  sur face.  The midd le  s e c t i o n  o f  t he  p i n i o n  t o o t h  sur face  ob ta ined by 
a c u t t i n g  p lane tha t  i s  perpend icu la r  t o  the  p i n i o n  a x i s  i s  a r e g u l a r  I n v o l u t e  
curve. The i n v o l u t e  gear t o o t h  sur face  and the  p i n i o n  t o o t h  sur face  a r e  con- 
j uga te ,  and t h e i r  bear ing  con tac t  i s  l o c a l i z e d .  Consider ing t h e  c r i t e r i o n  o f  
bear ing  contac t ,  i t  can be s ta ted  t h a t  t h e  proposed gears a r e  ad jus ted  t o  the 
misal ignment.  The remaining concern i s  t o  what l e v e l  w i l l  t he  k inemat ic  e r r o r s  
be due t o  gear misalignment. 
t o o t h  con tac t  ana lys is  necessary t o  determine t h i s .  
We developed a computer program t o  per form the  
The e n t i r e  adjustment o f  t he  proposed gears t o  t h e  misal ignment must be 
based.on the  eva lua t ion  o f  t w o  c r i t e r i a  - the  bear ing  con tac t  and t h e  induced 
l e v e l  o f  k inemat ic  e r r o r s .  We have found t h a t  a very low l e v e l  o f  k inemat ic  
e r r o r s  can be achieved, as i n d i c a t e d  by the  r e s u l t s  o f  t he  TCA program, i f  a 
sur face  o f  r e v o l u t i o n  t h a t  i s  s l i g h t l y  dev ia ted  f rom the  cone sur face  i s  used 
as t h e  genera t ing  sur face.  The op t ima l  r a d i i  o f  cu rva tu re  f o r  t he  sur face  o f  
r e v o l u t i o n  were determined by t h e  method proposed by L i t v i n  ( r e f s .  1 and 2 ) .  
F igu re  5 shows the k inemat ic  e r r o r  caused by a 5 percent  change i n  t h e  center  
d i s tance  and a 5-arc-min misal ignment o f  t h e  gear axes f o r  20 and 40 gear 
tee th .  The func t i on  i s  s i m i l a r  t o  a pa rabo l i c  f unc t i on ,  and the  maximum e r r o r  
i s  approx imate ly  0.2 arc-sec. F igure  6 shows t h e  bear ing  con tac t  o f  t h e  pro-  
posed gears on the p i n i o n  t o o t h  sur face.  Another a p p l i c a t i o n  example w i t h  
r e s u l t s  i s  g i ven  i n  t a b l e  I .  
HELICAL GEARS WITH P IN ION CIRCULAR-ARC TEETH AND GEAR SCREW INVOLUTE TEETH 
As  i s  w e l l  known, regu la r  i n v o l u t e  h e l i c a l  gears a re  s e n s i t i v e  t o  axes 
misal ignment,  and Novikov-Wildhaber (conformal)  gears a r e  s e n s i t i v e  t o  changes 
I n  center  d is tance ( r e f .  3 ) .  The proposed h e l i c a l  gears may be considered as 
a b r i dge  between regu la r  i n v o l u t e  h e l i c a l  gears and Novikov-Wildhaber gears. 
These gears a r e  l e s s  s e n s i t i v e  t o  misal ignment s ince  the  bear ing  con tac t  i s  
2 
l o c a l i z e d  and a r e  l e s s  s e n s i t i v e  t o  the change i n  center  d i s t a n c e  s ince  t h e  
gear i s  a r e g u l a r  screw i n v o l u t e .  Thus t h e  disadvantages o f  c u r r e n t  h e l i c a l  
o r  conformal  gears opera t ing  under l e s s  than i d e a l  c o n d i t i o n s  can be overcome. 
F i g u r e  7 i l l u s t r a t e s  t h e  proposed method f o r  genera t ing  h e l i c a l  gears.  
One o f  t h e  genera t ing  surfaces, Zp. i s  a p lane and represents  t h e  sur face  o f  a 
r e g u l a r  rack  c u t t e r .  Plane Zp w i l l  generate a r e g u l a r  screw i n v o l u t e  sur face.  
The o t h e r  genera t ing  gear t o o t h  surface, E F *  i s  a c y l i n d r i c a l  sur face  and w i l l  
generate t h e  p i n i o n  t o o t h  sur face.  The normal s e c t i o n  o f  ZF i s  a c i r c u l a r  a rc ,  
and t h e  normal s e c t i o n  of zp i s  a s t r a i g h t  l i n e .  The d e v i a t i o n  o f  Z F  w i t h  
respec t  t o  Z F .  
By c o n t r o l l i n g  t h i s  rad ius  we can c o n t r o l  t h e  d e v i a t i o n  o f  t h e  p i n i o n  t o o t h  sur-  
f a c e  Z l  f rom a r e g u l a r  screw i n v o l u t e  sur face.  The genera t ing  surfaces ZF and 
Zp a r e  tangent  a long t h e  s t r a i g h t  l i n e  a-a ( f i g .  7 ) .  The l i n e  o f  a c t i o n  o f  t h e  
generated gear t o o t h  sur faces z1 and 22 i s  represented i n  t h e  f i x e d  coord ina te  
system Sf by a s t r a i g h t  l i n e .  Coordinate system Sf i s  r i g i d l y  connected t o  
t h e  gear housing. The l i n e  o f  a c t i o n  i s  p a r a l l e l  t o  t h e  gear axes. I n  t h e  
meshing process t h e  p o i n t  o f  c o n t a c t  moves a long t h e  l i n e  o f  a c t i o n .  
taneous p o i n t  o f  t h e  c o n t a c t  i s  t h e  center o f  t h e  c o n t a c t  e l l i p s e .  
s ions o f  t h e  c o n t a c t  e l l i p s e  depend on t h e  r a d i u s  o f  t h e  c i r c u l a r  a rc  o f  t h e  
genera t ing  sur face  
z p  depends on t h e  r a d i u s  o f  t h e  c i r c u l a r  a r c  t h a t  i s  chosen f o r  
The i n s t a n -  
The dimen- 
ZF and on t h e  number o f  p i n i o n  and gear t e e t h .  
We developed a TCA program f o r  the proposed gears. F igures 8 and 9 show 
t h e  t ransverse  shapes o f  t h e  p i n i o n  and gear. 
5 percent  d i d  n o t  s u b s t a n t i a l l y  change t h e  l o c a t i o n  o f  t h e  bear ing  contac t  
Changing t h e  center  d i s t a n c e  by 
( f i g .  10).  
SPIRAL-BEVEL GEARS W I T H  CONJUGATE GEAR TOOTH SURFACES 
For many years t h e  Gleason Works ( r e f .  4)  has prov ided machinery f o r  t h e  
manufacture o f  s p i r a l - b e v e l  gears. There a r e  severa l  impor tan t  advantages t o  
t h e  Gleason methods o f  manufacture. The machines a r e  r i g i d  and produce gears 
o f  h i g h  q u a l i t y  and consis tency.  
m i l l i n g  and g r i n d i n g .  Gr ind ing  i s  e s p e c i a l l y  impor tan t  f o r  producing hardened 
h i g h - q u a l i t y  a i r c r a f t  gears. Both m i l l i n g  and g r i n d i n g  a r e  p o s s i b l e  w i t h  
Gleason's method s ince  t h e  v e l o c i t y  o f  t h e  c u t t i n g  wheel does n o t  have t o  be 
r e l a t e d  i n  any way t o  t h e  machine's generat ing mot ions. 
The c u t t i n g  methods may be used f o r  b o t h  
Gleason's method f o r  genera t ing  s p i r a l - b e v e l  gears prov ides o n l y  approx i -  
mate c o n j u g a t i o n  of gear t o o t h  surfaces. Because t h e  gear r a t i o  i s  n o t  con- 
s t a n t  d u r i n g  t h e  t o o t h  engagement cycle,  k inemat ic  e r r o r s  occur as r o t a t i o n  i s  
t ransformed f rom t h e  d r i v i n g  gear t o  t h e  d r i v e n  gear. The k inemat ic  e r r o r s  i n  
s p i r a l - b e v e l  gears a r e  a major source o f  n o i s e  and v i b r a t i o n  i n  t ransmiss ions.  
Specia l  machine-tool  s e t t i n g s  must be used t o  reduce t h e  l e v e l  o f  k inemat ic  
e r r o r s  i n  t h e  generated gears. Gleason developed a t o o t h  contac t  a n a l y s i s  
(TCA)  program t o  n u m e r i c a l l y  determine t h e  r e q u i r e d  machine-tool  s e t t i n g s .  
We propose a new method f o r  generat!ng s p i r a l - b e v e l  gears t h a t  p rov ides  
exac t  c o n j u g a t i o n  o f  t h e  gear t o o t h  surfaces and no k inemat ic  e r r o r s .  
method can be a p p l i e d  i n  p r a c t i c e  by us ing  t h e  e x i s t i n g  Gleason equipment and 
t o o l s .  The proposed approach r e s u l t s  i n  t h e  d i r e c t  de termina t ion  o f  machine- 
t o o l  s e t t i n g s .  
and t h e  i n f l u e n c e  o f  assembly and manufactur ing e r r o r s .  
Th is  
The TCA program developed a l s o  s imulates t h e  bear ing  c o n t a c t  
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The theory  of  s p i r a l - b e v e l  and hypoid gears was a sub jec t  o f  i n t e n s i v e  
research by many authors ( r e f s .  2 and 5 t o  12 ) .  L i t v i n  and h i s  co l leagues 
have addressed the ana lys i s  and syn thes is  of s p i r a l - b e v e l  gears ( r e f s .  1, 2, 
5, and 8 ) .  Computer-aided s imu la t ions  o f  t o o t h  meshing and bear ing  con tac t  
have been worked out by L i t v l n  and Gutman ( r e f .  6)  and by the  Gleason Works 
( r e f s .  11 t o  13) .  
The e x i s t i n g  method f o r  genera t ing  Gleason s p i r a l - b e v e l  gears i s  based on 
The angular  v e l o c i t y  about a x i s  C-C depends n o t  on t h e  gener- 
The f l a n k s  o f  ad jacent  
a p p l i c a t i o n  o f  the head c u t t e r  shown i n  f i g u r e  11. 
c u t t e r  a re  s t r a i g h t  l i n e s  t h a t  generate two cones w h i l e  the  head c u t t e r  r o t a t e s  
about a x i s  C-C.  
a t i n g  mot ion b u t  on ly  on the  des i red  c u t t i n g  v e l o c i t y .  
gear t e e t h  a r e  cut  s imul taneously  (duplex method). 
f o r  p i n i o n  generat ion;  they a re  prov ided w i t h  one-sided blades and c u t  t h e  
p i n i o n  t o o t h  sides separa te ly .  
The blades o f  t he  head 
Two head c u t t e r s  a re  used 
I n  generat ing the  s p i r a l - b e v e l  gear ( f i g .  12) the  head c u t t e r  i s  mounted 
t o  t he  c r a d l e  o f  the c u t t i n g  machlne. The c r a d l e  w i t h  the  t o o l  cone sur face  
represents  the  generat ing gear, which i s  I n  mesh w i t h  t h e  gear t h a t  i s  be ing  
c u t .  The axes of r o t a t i o n  o f  t h e  c r a d l e  (genera t i ng  gear)  Xm ( 2 )  and the  gear 
Z2 i n t e r s e c t .  Coordinate system S, ( 2 )  
o f  t he  gear c u t t i n g  machine, and coord ina te  system S:') i s  r i g l d l y  connected 
t o  t he  c rad le ;  'pp i s  t h e  angle o f  c r a d l e  r o t a t i o n .  Coord inate system Sf 
i s  a f i x e d  coord ina te  system r i g i d l y  connected t o  t h e  gear housing. 
i s  r i g i d l y  connected t o  the  frame 
I n  generat ing the  s p i r a l - b e v e l  p i n i o n  ( f i g .  13) ,  t he  axes o f  r o t a t i o n  o f  
t he  p i n i o n  c r a d l e  Xkl)  and the  p i n i o n  Z1 do n o t  i n t e r s e c t  b u t  c ross .  
F igu re  13 shows the s p e c i f i c  c o r r e c t i o n s  o f  machine-tool  s e t t i n g s ,  des ignated 
by AE1 and bL1. The de terminat ion  o f  bE1 and AL1 i s  t he  sub jec t  
o f  Gleason's TCA program and i s  d i r e c t e d  a t  reduc ing  the  k inemat ic  e r r o r s  o f  
t he  generated gears. 
Our proposed genera t ion  method i s  based on the  manufactur ing process 
descr ibed here.  The main p r i n c i p l e s  o f  the  new method a re  as f o l l o w s :  
(1 )  The two generat ing sur faces,  Zp and IF, generate the  gear t o o t h  sur face  
z2 and the p i n i o n  t o o t h  sur face 21, r e s p e c t i v e l y .  Surfaces Zp and 1 2  
(and accord ing ly ,  ZF and 
each o the r  a t  a jLn3 a t  every i n s t a n t .  The generated gear t o o t h  sur faces,  Z 2  
and 2 1 ,  contac t  each o the r  a t  a p o i n t  a t  every i n s t a n t  ( f i g .  1 4 ) .  The f o u r  
sur faces - the t w o  genera t ing  sur faces (ZP and Z F )  and t h e  p i n i o n  and gear 
t o o t h  sur faces ( Z l  and 12)  - a r e  tangent  a t  every i n s t a n t .  The r a t i o  o f  the  
angular  v e l o c i t i e s  o f  mot ion o f  surfaces ZP, Z F ,  11, and 22 must s a t i s f y  
the  f o l l o w i n g  requirements: (a )  t he  surfaces must be I n  cont inuous tangency 
and ( b )  t he  generated p i n i o n  and gear must t rans fo rm r o t a t i o n  w i t h  no k inemat ic  
e r r o r s .  
E l )  a re  i n  mesh i n  t h e  process o f  c u t t i n g  and contac t  
( 2 )  The p o i n t  of con tac t  o f  t he  above-mentioned f o u r  surfaces moves i n  a 
p lane n t h a t  i s  r i g i d l y  connected t o  t he  gear and c u t t i n g  machlne housing. 
l h e  normal t o  the  con tac t i ng  surfaces l i e s  i n  p lane n and performs a par -  
a l l e l  mot ion.  
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I t  i s  necessary t o  emphasize some s p e c i f i c  fea tures  o f  t he  contac t  o f  gener- 
a t i n g  surfaces Zp and LF. I t  i s  a contac t  o f  two cones w i t h  crossed axes. 
Thus t h e  cones have a comon normal a t  t he  p o i n t  o f  contact ,  bu t  t h e i r  surfaces 
i n t e r f e r e  w i t h  each other  near the  contact  p o i n t .  
F igure  15  i l l u s t r a t e s  the l oca t i on  and o r i e n t a t i o n  o f  the  plane o f  
normals - plane n. Surfaces Ep and 22 are  i n  contact  a t  p o i n t  M, and 
t h e i r  common normal i n t e r s e c t s  the  p i t c h  l i n e ,  the tangency l i n e  o f  p i t c h  
cones o f  sp i ra l -beve l  gears. The normal a l s o  i n t e r s e c t s  t h e  head-cutter a x i s  
( a t  p o i n t  A i n  f i g .  15) s ince the  t o o l  sur face i s  a cone. The f o u r  surfaces 
(EP, EF, ~ 1 ,  and 
t h i s  normal w i l l  i n  the  process o f  meshing perform a p a r a l l e l  m o t i o n  i n  p lane n, 
keeping i t s  o r i g i n a l  o r i e n t a t i o n .  The p lane o f  normals n i s  a p lane t h a t  
passes through the  p i t c h  l i n e  and 
normal t o  surfaces Ep and E2. 
head-cutter a x i s  i n t e r s e c t s  plane n, and m i s  the  i n i t i a l  p o s i t i o n  o f  the 
normal. Po in t  0 i s  the  p o i n t  where the gear c rad le  a x i s  i n t e r s e c t s  p lane n. 
Simultaneously p o i n t  D i s  t he  p i t c h  po in t  ( t h e  p o i n t  where the  p i n i o n  and gear 
axes i n t e r s e c t ) .  The axes o f  the  gear c r a d l e  and gear head c u t t e r  a re  p a r a l l e l ,  
( 1  1 b u t  they a re  n o t  perpendicu lar  t o  plane n. Recal l  t h a t  t h e  c r a d l e  a x i s  
i s  perpendicu lar  t o  the  r o o t  cone ( f i g .  1 2 )  and t h a t  p lane n i s  drawn through 
the  p i t c h  l i n e .  
E2) must have a common normal a t  every i n s t a n t  ( f i g .  14);  and 
a ( f i g .  15),  where i s  t he  instantaneous 
On the  plane o f  normals n ( f i g .  16) p o i n t  A i s  the  p o i n t  where the gear 
Xm 
To prov ide  conjugate gear t o o t h  surfaces, s p e c i f i c  machine-tool  s e t t j n g s  
and AE1 AL1 ( f i g .  13) a re  used, and the  appex o f  the  p i n i o n  p i t c h  cone i s  o f f -  
(1) se t  w i t h  respect t o  the  p i n i o n  c rad le  a x i s  Xm . 
w i t h  p o i n t  D ( f i g .  16).  
I n t e r s e c t s  plane n ( t h e  plane o f  normals). 
t o o l  s e t t i n g s  AE1 and AL1 must provide the  c o l i n e a r i t y  o f  vectors  and 
Thus p o i n t  0 does n o t  co inc ide  
For reasons g iven below, t h e  machine- 
Here p o i n t  0 i s  the  p o i n t  where the  p i n i o n  c rad le  a x i s  
m. 
A t  p o i n t  C ( f i g .  16) the  p i n i o n  t o o l  cone a x i s  i n t e r s e c t s  plane lr. The 
machine-tool se t t i ngs  f o r  the p i n i o n  t o o l  cone must p rov ide  t h a t  p o i n t s  C, A, 
and M l i e  on the  same s t r a i g h t  l i n e  and t h a t  p o i n t  M i s  t he  tangency p o i n t  o f  
t h ree  surfaces: Ep, EF, and E2. We emphasize again t h a t  the  p i n i o n  c r a d l e  
a x i s  Xm (’I and the gear c rad le  a x i s  XL2) a re  no t  p a r a l l e l  s ince they have t o  
be perpendicu lar  t o  the  p i n i o n  and gear r o o t  cones, respec t i ve l y .  The o r i e n t a -  
t i o n  o f  axes X k 2 )  and Xm (’I depends on the  gear and p i n i o n  dedendum angles 
~2 and b l  ( f i g s .  1 2  and 1 3 ) .  However, the  p i n i o n  c r a d l e  and p i n i o n  head- 
c u t t e r  axes are  p a r a l l e l  ( i f  t h e  p in lon  head c u t t e r  i s  no t  t i l t e d ) ,  b u t  they a re  
n o t  perpendicu lar  t o  plane n. 
During sur face generat ion the  head c u t t e r  a x i s  0:’) ro ta tes  about the  
c r a d l e  a x i s  Om ii); qj  ( f i g .  17) i s  t h e  angle o f  c rad le  r o t a t i o n  ( 1  = 1,2; 
j = F,P).  Thus the  c u t t e r  a x i s  traces ou t  a c y l i n d e r  o f  rad ius  
i s  the  d is tance between the  head-cutter and c rad le  axes. 
n i s  i n c l i n e d  w i t h  respect t o  the  cy l i nde r  ax i s ,  and the  i n t e r s e c t i o n  of t he  
c y l i n d e r  by plane n i s  an e l l i p s e .  Thus p o i n t s  A and C ( f i g .  16) each t r a c e  ou t  
b j ,  where b j  
The plane o f  normals 
5 
an ellipse. 
forming the required parallel motion. This parallel motion becomes possible 
if the dimensions and orientation of both ellipses are related in a specific 
way. 
The common surface normal E slides along those ellipses while per- 
Figure 18 shows two such related ellipses. 
We have developed a computer program for determining machine-tool settings 
for the proposed generation method and for the TCA of the generated gears. The 
results of this TCA program indicate that kinematic errors would be reduced to 
zero. Figure 19 shows the bearing contact on the gear tooth convex side for 
spiral-bevel gears with the proposed gearing. An example with results is given 
in table 11. 
CONCLUDING REMARKS 
The basic principles of new gear generation methods have been discussed. 
These methods provide conjugate gear tooth surfaces for three types of gears: 
(1) spur gears with crowned pinion tooth surfaces that have misaligned axes, 
(2) helical gears with pinion circular-arc teeth and gear regular screw 
involute teeth that have a change in center distance, and (3) spiral-bevel 
gears whose common surface normal performs a parallel motion in the process of 
meshi ng. 
Litvin 
Paper - AHS 
E-3216 J.0. YOM3984 
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TABLE I . . NUMERICAL EXAMPLE AN0 RESULTS FOR CROWNEO SPUR 
PINION AND REGULAR INVOLUTE GEAR 
Number of t e e t h  on p i n i o n ,  gear  . . . . . . . . . . . . .  20 . 40 
D iamet ra l  p i t c h  . . . . . . . . . . . . . . . . . . . . . . .  10 
Face w id th .  i n  . . . . . . . . . . . . . . . . . . . . . . .  0.4 
Generat ing cone angle.  deg . . . . . . . . . . . . . . . . .  80 
Cone rad ius .  i n  . . . . . . . . . . . . . . . . . . . . . .  0.985 
su r face  o f  r e v o l u t i o n .  i n  . . . . . . . . . . . . . . . .  500 
Misa l ignment  of gear axes. arc-mln . . . . . . . . . . . . .  10 
Change i n  cen te r  d i s tance .  pe rcen t  
K inemat ic  e r r o r .  arc-sec . . . . . . . . . . . . . . .  0.35-0.4 
Curva tu re  r a d i u s  of genera t i ng  
. . . . . . . . . . . . . .  1 
s e c t i o n  a t  m idpo in t  across face  w i d t h .  i n  . . . .  0.0036-0.0052 
P i n i o n  su r face  d e v i a t i o n  i n  t ransve rse  
TABLE I1 . . NUMERICAL EXAMPLE AND RESULTS 
FOR SPIRAL-BEVEL GEAR 
Number of  t e e t h  on p i n i o n .  gear  . . . .  10 . 41 
Gear p ressu re  angle.  deg . . . . . . . . .  20 
D iamet ra l  p i t c h  . . . . . . . . . . . . .  5.55 
Mean p i t c h  cone d i s tance .  i n  . . . . . .  3.226 
C u t t e r  d iameter .  i n  . . . . . . . . . . . .  6.0 
AE1 . . . . . . . . . . . . . . . .  -0.0499 
AL1 . . . . . . . . . . . . . . . .  -0.0368 
Maximum k inemat i c  e r r 0 r . a  arc-Set  . . . . .  0.2 
Cor rec t i ons  of  machine- too l  s e t t i n g s  . 
convex s i d e  o f  p i n i o n .  i n  . . 
aThese r e s u l t s  f o r  k inemat i c  e r r o r  a r e  based 
on a v a i l a b l e  c u t t e r  angles . To reduce t h e  
k inemat i c  e r r o r  t o  zero would r e q u i r e  non- 
s tandard b lade  c u t t e r  angles . 
(a) Regular involute. (b) Crowned. 
Figure 1. - Spur p in ion  surfaces. 
i SPUR PINION 
GENERATING 
SURFACE 
Figure 2. - Orientation of spur pinion (crowned) and gear-generating surfaces. 
Figure 3. - Grinding wheel generation of crowned spur pinion. 
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Figure 4. - Deviation of crowned spur pinion surface. 
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Figure 5. - Kinematic e r ro r  as a funct ion of gear rotation angle. Change of 
center distance, 5 percent; axes misalignment, 5 arc-min. 
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Figure 6. - Location and size of bearing contact as p in ion  moves 
through mesh. 
PINION TOOTH 
BEARING CONTACT 
DEDENDUM 
t xf 
Figure 7. - Generating surfaces for circular - 
arc helical pinion and regular screw 
involute. 
Figure 8. - Cross section of c i rcu lar -arc  hel ical pinion. 
(Axes scales are in inches. 1 
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Figure 9. - Cross section of regular hel ical involute gear. 
X2, in. 
Z2, in. 
Figure 10. - Bearing contact after change in center distance of 
0.04 inch .  Number of teeth, 24; diametral pitch, 6. 
BLADES 
C HEAD CUTTER 
Figure 11. - Spiral-bevel gear cutter. 
Figure 12. - Coordinate system of generating machinery and spiral- 
bevel gear (gear 2). 
/A ,-GEAR 1 
Figure 13. - Coordinate system of generating machinery and 
spiral-bevel p in ion  (gear 1). 
FIXED 
COORDINATE 
SYSTEM S f  
Figure 14. - Gear tooth surfaces in contact. 
CRADLE 
AXIS I 
- TOOL CONE AXIS 
GEAR SPIRAL ON 
MACHINE PLANE 
PITCH LINE 
Figure 15. - Orientation of plane of normals, plane TI. 
Figure 16. - Plane of normals IT. 
Y 
MACHINE PLANE 
i = 1 (PINION) OR 2 (GEAR) 
j = F (PINION GENERATOR) OR 
P (GEAR GENERATOR) 
Figure 17. - Coordinate system orientation of 
cutter for spiral-bevel gears with respect to 
gear- generating machine. 
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Figure 18. - Sketch showing parallel motion along related ellipses i n  
plane II. 
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Figure 19. - Location and size of bearing contact on  spiral-bevel gear 
tooth surface, convex side. 
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